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Base-flow investigation of a generic rocket
configuration in subsonic freestream
conditions
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Institut für Luft- und Raumfahrt, RWTH Aachen
Wüllnerstr. 7, 52062 Aachen
A generic rocket configuration has been examined in a subsonic wind tunnel at a Mach
number of 0.2 and a Reynolds number of 4.45 million. The model geometry consists of
a conic nose section and an adjoining blunt-based cylindrical body, yielding an overall
length-to-diameter ratio of 10. Special care has been taken on the design of the sting
support, which poses a non-negligible influence on the base flow. The macroscopic
topology of the rocket wake has been investigated using 2C-PIV (two-dimensional par-
ticle image velocimetry) in both vertical and horizontal plane, accompanied by static
pressure measurements in the rocket base. This article will describe the mean flow
properties arising from the interaction of forebody flow, shear layers and recirculation
areas. Selected velocity profiles at different streamwise positions complete the survey.
The influence of small angles of sideslip will be shown regarding static pressure mea-
surements in the base area as well as averaged streamline plots. Furthermore, the dif-
ferences between mean flow and instantaneous velocity distributions will be presented
by means of spatially resolved standard deviations.
1. Introduction
Base drag can vitally affect the overall performance and efficiency of modern space-
craft configurations. The impact factor of base flow control has been demonstrated in
both supersonic [1,2] and subsonic [3,4] freestream conditions. This article focuses on
the measurement and description of the base flow of a generic rocket forebody. Water
tunnel experiments on axially blown cylinders have shown counter-rotating, vortex-like
structures in the wake of the forebody [5], which will also be observed and described in
this work. Subsequent phases of this research programme will focus on the integration
of an overexpanded laval nozzle and describe its influence on the base flow field. The
overall aim is to develop a detailed understanding of the relevant physical processes
and to deliver an elaborated data basis for validation purposes of computational fluid
dynamics.
2. Model geometry optimization
Fig. 1 shows the first proposal for the model geometry to be examined. A similar
configuration has been used in hypersonic experiments (see [6]) and will also be eval-
uated in other sub-projects of this research programme. Even though communality is
an advantage when comparing results, it was questionable whether this configuration
102 C. Wolf & R. Henke
FIGURE 1. Drawing (left) and 3D-view (right) of configuration B.A (without nozzle), deducted
form the super-/hypersonic geometry
FIGURE 2. Surface oil-flow pattern showing the sting support aerodynamics
poses too many penalties on the subsonic part of the research. In specific, the swept
sting support with its wedge-shaped leading and trailing edge as well as the low L/D
ratio of 4.33 have been identified as critical features. Thus, a simple non-instrumentated
model has been built, scaled by 1.85 : 1 with respect to the super-/hypersonic geome-
try. The focus lay upon the sting aerodynamics, which have been visualized using the
surface oil-flow technique, see Fig. 2. The air flow is attached over the whole length of
the wedge-shaped leading edge, but exhibits a small separation bubble right after the
sharp kink between leading edge and straight mid-section. Within this bubble, the oil
flow is transported in an upstream direction. Further downstream, the flow reattaches
and stays attached for the rest of the mid-section. At the kink to the trailing edge, the air
flow separates again without reattachment, causing a significant wake. Surface velocity
components in the separated area point in the direction of the swept trailing edge, un-
derlining that three-dimensional effects have to be taken into account. Considering the
small spatial distance between the sting support and the base area, an improved design
for the generic rocket configuration was favoured and designed.
Fig. 3 shows this improved geometry. Specific design aspects include a realistic
length-to-diameter ratio of L/D = 10, as well as a sting support shaped by an unswept
NACA 0015-series profile. The size of the sting is mainly influenced by the need to in-
corporate pressurized air supply for thrust nozzle simulations during later phases of this
project. Due to the front-orientated mounting, the wake of the sting support can alleviate
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FIGURE 3. Drawing (left) and 3D-view (right) of the subsonic model configuration B.A (without
nozzle)
over a distance of 460 mm ≈ 0.43 · L before reaching the base plane. Certain other
aspects (nose geometry, diameter of the cylinder etc.) have been adopted (scale 1 : 1)
from the associated super-/hypersonic test cases for communality reasons.
3. Experimental setup
3.1. Wind tunnel
Experiments have been conducted in the open test section of a closed-circuit wind tun-
nel. The test section has a streamwise length of 3 m and a cross-section diameter of
1.5 m. The model has been mounted with its nose tip centred in exit plane of the tunnel
nozzle, as seen in Fig. 4, in order to ensure enough clearance for PIV measurements
in the base area. Tab. 1 summarizes the main parameters and the yielding Mach and
Reynolds numbers of the experiment.
3.2. PIV measurements
2C-PIV measurements have been conducted in order to investigate the macroscopic
base flow structure. Therefore, a 120 mJ double-pulsed Nd:YAG-laser and light sheet
optics were used to illuminate the oil droplet seeding (DEHS) in the air flow. Two per-
pendicular planes, in horizontal and vertical direction, have been investigated. Due to
the available laser energy, both planes had to be split up into smaller subsections. Fig. 5
depicts the overall layout of the adjacent laser subsections. The total streamwise exten-
sion adds up to 400 mm (horizontal) and 320 mm (vertical), respectively. The thickness
of the light sheet (approx. 3 mm) is negligible compared to the other dimensions. PIV
double images have been recorded by a 4MPix pco.2000 camera, yielding a resolution
of approx. 12.2 pixel/mm (horizontal) and 10.0 pixel/mm (vertical). As separation time
between two double-pulses, ∆t = 20 µs turned out to be a good compromise between
the high-speed outer flow (particle displacement up to 18 pixel) and low-speed recir-
culation flow (partly sub-pixel displacement). Since the camera memory was limited to
155 double images per recording sequence, at least 3 sequences (465 images) have
been taken to ensure repeatability. Double images were taken at a repetition frequency
of 7Hz, limited by the readout time of the CCD-cameras.
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FIGURE 4. Picture of the B.A subsonic geometry in the open test section of the wind tunnel
Freestream static pressure: p∞ ≈ 10
5 Pa approx., open test section
Freestream velocity: v∞ = 70 m/s
Mach number: Ma = 0.2 -
Model length: L = 1.08 m
Reynolds number: ReL = 4.45 · 10
6 - with respect to L
TABLE 1. Experimental parameters
FIGURE 5. Illustration of the laser light sheets for horizontal (upper half) and vertical (lower half)
plane
4. PIV results - horizontal plane
4.1. Mean velocity profiles
Fig. 6, upper plot, shows the rocket wake regarding the mean velocity distribution v, av-
eraged over 465 PIV-images. The particle images have been evaluated using an adap-
tive cross-correlation scheme with 64 × 64 pixel window size and 75% overlap, yielding
a resolution of roughly one velocity vector per 1.3 mm length scale. Fig. 6, middle plot,
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illustrates the recirculation area adjacent to the rocket base by highlighting areas with
a negative streamwise velocity component vx. The (greyish) recirculation area shows
a parabola-shaped border. For further illustration, also the streamlines have been com-
putated. Two counter-rotating vortices can be observed and will be discussed later in
this report. Additionally, the flow field can be can be characterized by plotting the vx
(streamwise-) velocity component versus y for selected x-Positions, as shown in the
lower part of Fig. 6. Plot 1) refers to x ≈ 0 and illustrates the profile adjacent to the
rocket base (the exact values for x = 0 could not be extracted due to the correlation
algorithm’s principle of function and slight laser reflections on the rocket surface). While
the outer flow’s velocity is 70 m/s, as expected, the profile drops rapidly to vx ≈ 0 at the
rocket base wall. The maximum value of the recirculation flow (minimum in vx) can be
found at x/D = 0.77 (or x = 83 mm), as shown in plot 2). The base flow now shows a
smooth, U-shaped curvature with its minimum of vx = −23 m/s centred in the symmetry
axis. Plot 3) marks the end of the recirculation area, represented by vx = 0 on the sym-
metry axis. For positions x/D > 1.32 or x > 143 mm, vx is always positive and the wake
is being further accelerated in main stream direction. At the downstream border of the
measurement plane, x/D = 3, 7 or x = 400 mm, the wake is diminished yet still clearly
visible. The velocity on the symmetry axis has a value of vx = 50 m/s, marking a ∆vx of
−20 m/s compared to the freestream velocity.
4.2. Sensitivity to angle of sideslip
The mean velocity profile and the corresponding streamlines are sensitive to small an-
gles of sideslip β, resulting in an asymmetric flow field in the horizontal plane. The
geometric alignment of β = 0 has shown to be merely difficult and inaccurate. Thus,
an aerodynamic alignment via static base pressure measurements has been preferred.
The basic idea is summarized by Fig. 7. In the top left corner, a quasi-symmetric re-
circulation area can be observed. The flow is dominated by two counter-rotating vortex
structures, which are delimited by the shear layer, the rocket base plane and the sym-
metry axis. The vortices are nearly equally-sized, and also the streamwise position of
the vortex centres match quite well. The stagnation point of the recirculation flow is cen-
tred regarding the rocket base. In contrast, the top right picture shows an asymmetric
base flow. The corresponding angle of sideslip is therefore assumed to be unequal to
zero. The lee sided vortex, opposed to the incoming freestream direction, exhibits an
enlarged diameter, also the centre has moved closer to the rocket base. The second,
luff sided vortex shows antimetric behaviour: While the vortex diameter is decreased,
the central point shifts further downstream. As a result of the asymmetric vortex struc-
ture, the recirculation flow is not aligned with the cylinder (x−) axis of the rocket any
more. The stagnation point shifts within close distance to the luff sided corner.
The asymmetry was also observed by means of static pressure measurements (see
Fig. 7, lower half). Seven pressure ports located in the rocket base coincidence with the
laser sheet / x− y−plane. The distance between the outer ports (90 mm) covers nearly
the whole rocket diameter (108 mm). In order to filter out dynamic effects, the pressure
signals have been averaged over 20 s. It has to be noticed that the base pressure level
drops well below static freestream pressure by an average of ∆p ≈ −320 Pa, indicating
the increased base drag of this configuration. The pressure measurements for β = 0 are
apparently quite symmetric. The corresponding graph shows a slight local maximum at
y = 0, related to the stagnation point of the recirculation flow, and a significant pressure
increase towards the outward pressure ports, all in all forming a W-shape. The pressure
difference between y = ±45 mm is about 10− 15 Pa.
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FIGURE 6. Averaged velocity v, streamwise velocity component vx (negative values only) and
selected velocity profiles in the horizontal plane
As expected, the pressure graph for β 6= 0 shows a completely asymmetric behaviour,
with a strong pressure superelevation in the area of the stagnation point (y ≈ 45 mm)
and a distinct pressure drop on the opposite side. The pressure difference between both
outward ports is about 80 Pa. Thus, the pressure profiles can be used as an indicator
for the alignment of β = 0.
The mounting system of the sting support could be reasonably adjusted in steps of
∆β = 0.05◦. This appeared to be necessary, since the mean flow field deviates from
the symmetric pattern even at angular errors of 0.1◦ quite clearly. Fig. 8 illustrates the
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FIGURE 7. Streamlines in the recirculation area for β = 0 (top left) and β 6= 0 (top right), static
pressure distribution along PIV plane (bottom)
averaged streamlines for ∆β = ±0.1◦,±0.3◦ and±0.75◦. It can be seen that the flowfield
is most sensitive around |β| < 0.1◦, but changes very little for |β| > 0.3◦, underlining the
importance of careful adjustment of the rocket axis.
4.3. Instantaneous velocity profiles
Averaging over 155 PIV-Images has proven adequate to capture the mean velocity pro-
file. Yet the instantaneous velocity distributions differ considerably from the mean values
and show an unsteady behaviour. An impression of the instationarity gives Fig. 9 by
comparing the mean velocity field (left) to 3 independent, randomly chosen instanta-
neous velocity fields.
Furthermore, the deviations of the instantaneous flow fields can be studied regarding
the standard deviations of the velocities, see Fig. 10. The standard deviation σ of the
velocity v at a given location is defined as:
σ =
√√√√ 1
N
N∑
i=1
(v − v)2 ,
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FIGURE 8. Average streamline plots of the recirculation area for different angles of sideslip
FIGURE 9. Comparison between averaged (left) and instantaneous flow fields for forward
horizontal plane (100× 170 mm2), darker colour marks higher velocities
where N is the number of samples (in this case: N = 155) and v is the mean velocity.
Fig. 10 also depicts the recirculation region (solid parabola-shaped line) taken from
Fig. 6. It can be seen that the maximum values for σ occur in the shear layer between
outer flow and recirculation area, specifically around 80 mm < x < 120 mm. Here the
value of σ can be as high as 25 m/s. The standard deviations within the recirculation
area are somewhat smaller, but remembering the low overall velocity level in this region
(see Fig. 6), one can see that velocity and corresponding standard deviation are on the
same scale. Further downstream of the recirculation area, the deviation level decreases
gradually, even though the deviation diameter (expansion in y) increases.
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FIGURE 10. Standard deviation σ of the velocity field
5. PIV results - vertical plane
The averaged velocity v and selected profiles of the streamwise component vx are
presented in Fig. 11 for the vertical plane. Compared to the horizontal plane in Fig. 6,
the velocity plots for the maximum recirculation of vx = −23 m/s match well, although
the streamwise positions slightly differ (x/D = 0.83 vs. x/D = 0.77). Position and profile
at the end of the recirculation area also correspond fairly well (vx = 0 on symmetry
axis at x/D = 1.32 vs. 1.30). Detailed studies on the precision of the measurements
an derived properties, as well as on the precision of the angle of attack and sideslip
adjustment, still have to be done. Another interesting feature is the influence of the sting
support wake, which can be observed as a slight velocity difference comparing upper
and lower outer flow. At the upstream entry of the measurement plane, the lower flow is
slower by approximately 8 m/s. Even at the downstream end of the interrogation plane, a
difference of circa 6 m/s has to be noted. Nevertheless, the influence on the recirculation
flow seems rather small (especially compared to aforementioned errors in β).
6. Conclusions
The base flow of a generic rocket configuration has been examined in subsonic wind
tunnel experiments at Ma = 0.2. Mean velocity profiles at different streamwise positions
have been presented and analyzed for two perpendicular PIV planes (namely horizontal
and vertical). A parabola-shaped recirculation area with a streamwise length of about
1.37 diameters could be observed, containing two counter-rotating vortex structures. The
importance of an accurate alignment of the rocket body with respect to the freestream
direction has been pointed out through a sensitivity analysis accounting for small angels
of sideslip. The effects of angular errors can be observed in terms of streamline plots,
including shifting vortex positions and diameters. First observations concerning the un-
steady nature of the base flow have been outlined with the spatial distribution of velocity
standard deviations, which are mainly concentrated in the shear layers.
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FIGURE 11. Averaged velocity and selected velocity profiles in the vertical plane
7. Outlook
Further investigations will concentrate on smaller-scale structures, e.g. vortex and vor-
ticity phenomenons in the shear layers. Corresponding observations have been made
in the existing 2C-fields, but not yet analysed. More focused PIV-methods, like 3C and
tomographic PIV, can help to add high-resolution, three-dimensional data. The investi-
gation will be completed by dynamic pressure conductors in the base area of the rocket.
During later phases of this project, the integration of a cold, overexpanded Ma 2.5-thrust
nozzle will be examined, thus adding further interaction between base flow and nozzle
flow to increase the degree of realism and relevance of the measurements.
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